Immobilization of arsenate in groundwater impacted by acid mine drainage was investigated using a permeable reactive barrier (PRB) column bearing granulated blast furnace slag (GBFS) to compare with iron granules which are commonly used. Sorption capacity of arsenate onto the GBFS was quite lower than iron granules in the amount of sorbed arsenate per unit surface area of sorbents (mmol/m 2 ) at the equilibrium, Q 0 , in two orders of magnitude in batch tests, however, the amount of sorbed arsenate per unit amount of sorbents (mmol/kg) at the equilibrium, Q, were comparative to each other, because of much higher porosity in the GBFS. Results of column performance showed that 15 mg/L of As was decreased to be less than 0.4 mg/L for more than 18 pore volumes (pv) in the GBFS-PRB by sorption, co-precipitation and presumably formation of hydrated calcium arsenate, and less than 0.04 mg/L for more than 17 pv in the iron bearing PRB probably by co-precipitation with iron (oxyhydro)oxides. Additionally 15 mg/L of Mn 2þ ions was also decreased to less than 0.3 mg/L and 0.03 mg/L, respectively, in iron bearing and the GBFS bearing PRB columns, probably caused by sorption and precipitation of oxides and carbonates. The GBFS has advantages to compensate its low reactivity with high porosity, to facilitate the industrial handling with low density, and to utilize industrial wastes for more valuable applications, emphasizing a potential of alternative reactive materials instead of iron granules in PRB for immobilization of arsenic and manganese in acid mine drainage. [
Introduction
Permeable reactive barriers (PRBs) have been developed as in situ groundwater remediation technique for 15 years and constructed for reduction of organic and inorganic contaminants, especially chlorinated solvents, fuels, heavy metals, metalloids, nutrients, and radioactive materials in groundwaters in more than 100 sites in the world. 1, 2) Contamination of groundwater with arsenic is a concerned issue worldwide. Long term drinking water of contaminated exposure causes skin, lung, bladder and kidney cancer as well as pigmentation changes, skin thickening (hyperkeratosis) neurological disorders, muscular weakness, loss of appetite, and nausea. 3) Many kinds of reactive material have been examined as sorbents for arsenic species at laboratorial and field scales. It is well known that zero valence iron (ZVI) is one of the most cost-effective and practically used materials for arsenic removal or recovery from contaminated groundwaters. 4) As lower cost substitutes instead of ZVI to remove arsenic in groundwaters, activated red mud, 5) aluminum-loaded Shirasu-zeolite, 6) ferruginous manganese ore, 7) basic oxygen furnace slag (BOFS), 8) industrial slag 9) have been investigated in laboratorial and pilot scale experiments.
Production of iron and steelmaking slag is estimated to be around 26,000,000 ton per year in Japan. 10) Recycling technology of iron and steelmaking slag has been developed successfully in advanced countries. The iron and steelmaking slag is classified into ''blast furnace slag (BFS)'' and ''steelmaking slag''. Granulated blast furnace slag (GBFS) is the most major BFS, and 20,000,000 tons of GBFS are annually produced in Japan, which corresponds to around 78% of BFS. The GBFS has been conventionally recycled for road board materials, cement materials, and so on, because its main components are SiO 2 , CaO and Al 2 O 3 , which are chemically stable. 11) More advantage use of GBFS is required with higher additional values. Recently, GBFS has been evaluated as a means of reducing metal availability in contaminated sediments for the beneficial use purpose. 12) The leacheability of Ba, Ni, Zn was reduced by amendment using basic oxygen furnace slag (BOFS), in which more than 60% of iron oxides are included, but the mechanism was not well discussed. 8) This work is the first study to evaluate the efficiency of GBFS not containing iron oxides, as a reactive material for arsenic in PRB as far as we know and discuss on the mechanism on immobilization of arsenic and further on the potential of use as an alternative material instead of iron granules.
Experimental

Reactive materials
Iron granules (0:6 mm$2 mm in diameter) and GBFS (0:3 mm$2 mm in diameter) were used as reactive materials in PRB. Their elemental compositions are listed in Table 1 . The GBFS, of which major components are CaO 49.5%, SiO 2 26.7%, and Al 2 O 3 17.1%, contains trace amount of Fe 2 O 3 , where, iron granules has more than 96% of iron oxides. The density was measured to be 6.98 g/cm 3 and 2.43 g/cm 3 for iron granules and GBFS, respectively. The specific surface areas were determined to be 0.39 m 2 /g and 5.69 m 2 /g by BET using 7 points method for iron granules and GBFS, respectively, indicating more highly porous surface of the GBFS. Preliminarily the leaching test, which is recommended by Environmental Ministry Japan, has proven that no toxic species were detected with more than the maximum concentration limit (MCL) from the present iron granules and GBFS.
Batch tests
To obtain the sorption isotherm of arsenate to iron granules and GBFS, batch tests were conducted using the solution with the required concentrations of arsenate prepared by using Na 2 HAsO 4 . 7H 2 O (WAKO) at an initial pH 8.0. The 10
(v/v)% of iron granules or GBFS was added to 250 cm 3 of the above solution, and then the mixture was shaken at 100 rpm and 25 C until the sorption equilibrium is attained. At appropriate intervals, the required amounts of solutions were taken for determination of As. The concentration of As was determined by HG-AAS using a Thermo Elemental SOL-LAR AA and a Thermo Elemental HYD-10U. Some experiments were carried out at the initial pH 2.0 and 8.0 to compare the pH changes during sorption. After 288 hrs, the residues were collected by filtration with 0.45 mm membrane filter, and dried in an anaerobic globe box purged with a gas mixture of 95% N 2 and 5% H 2 to supply for microscopic observation. The SEM images were observed using a SHIMADZU SEM-EDX SS-550 at the accelerated voltage of 15:4$16:8 kV.
Column tests
The influent solution was prepared using the special grade Table 2 . In the mine site, the natural attenuation processes were observed in cooler season mainly by co-precipitation and dilution, but desorption occurred in warmer season. The contaminant site has not yet completely remediated. 14) The column was made of an acrylic cylinder, with 40 cm in length, 15 cm in an inner diameter, and approximately 7065 mL in an internal volume. There were two influent ports on the base of the column, one to provide the input solution, and the second to allow flushing of the end-plate and for collection of samples of influent water. Two similar ports were located at the top of the column for discharge of the effluent solution and for sample collection. In addition, 15 equally spaced sampling ports were installed along the length of the column. Two columns were prepared with different reactive materials. Both columns have the bottom layer (3.75 cm) and top layer (3.75 cm) of the column packing consisted of 100% glass beads (0.60-0.69 mm in diameter) as a nonreactive material. The middle reactive layer was composed of 10(v/v)% granular iron, 30(v/v)% glass beads, 20(v/v)% gravel (6:7$16:7 mm in diameter), and 40(v/v)% organic carbon material for column 1. The organic carbon material consisted of 50(v/v)% compost leaf mulch, and 50(v/v)% wood chips. Although preliminary experiments have proven that sorption of arsenate onto the organic carbon materials was negligibly small, they were added as common materials in PRB for heavy metals and metalloids. 15) Another column (the column 2) contains GBFS instead of granular iron at the same volumetric percentages and the other compositions were the same as column 1. Mass compositions in both columns are summarized in Table 3 . All materials were sterilized by autoclaving at 121 C for 20 min and dried in a desiccator.
The central portion of the column was filled with reactive materials, approximately 100 g at a time. Based on the difference between the dry mass of the column and its watersaturated mass, the gravimetrically estimated water-filled void space or pore volume of the column was 2380 mL and 2511 mL for column 1 (iron granules) and column 2 (GBFS), and the calculated gravimetric porosities of two columns were approximately 0.337 and 0.355 ( Table 3 ). The ''pv'' is defined as the residence time in which one pore volume of input solution travels from the bottom to the top of the packed column. Prior to initiating the column experiment, 99.5% of nitrogen gas was flushed into the packed columns for 12 h. The spiked test water containing around 15 mg/L As(V) was pumped from an input container to the bottoms of the columns using a high-precision peristaltic pump for 60 days as shown in Fig. 1 . Assembly in the system was set in a draft chamber because input solutions contain 15 mg/L arsenic under the acidic pH. The daily measurements of effluent volume indicated an average flow rate of 30 mL h À1 . This flow rate corresponds to an average linear groundwater velocity of 0.157 cm h À1 , and the residence time of 84 h and 90 h for column 1 and 2, respectively. The effluent from the column passed through a glass sample cell prior to its discharge to a waste container.
Water samples were collected using 60 mL syringes to minimize exposure of water to the atmosphere. For collection of samples of input solution, water was pumped through the input valves directly to a polyethylene syringe. For collection of water from the sampling ports, a glass syringe was attached directly to the appropriate port, such that it filled at the same rate that water was being introduced to the column (approximately 6.01 mL h À1 ).
For each sample, 5.0 mL of unfiltered water was used for the measurement of Eh and pH. The remaining water was passed through a 0.45 mm filter for the measurement of alkalinity, and for the determination of the concentrations of major cations, anions, and other species. Prior to determination of major cations, the filtered water was acidified to pH <2 with HNO 3 . Alkalinity, Eh, and pH were measured immediately following the collection of the samples. Alkalinity was measured in the laboratory using a HachÔ digital titrator (Titration Method 2320 B; American Public Health Association (APHA), 1992). Oxidation-Reduction Potential versus the normal hydrogen electrode (NHE) was measured in the laboratory using TOA RM-20P PST-2739C and converted to Eh, the pH determinations were made in the laboratory using TOA WM-22EP GST-2729C electrodes, and alkalinity was determined by acid titration, immediately after the sample had been collected in the syringe. Total As was determined by hydride generation/atomic absorption spectrometry (HG-AAS) after decomposition of organic matters according to JIS K 0102. The 25 mL of sample solution was taken in Teflon beaker, and 1 mL of 6 mol/L H 2 SO 4 and 2 mL of 12 mol/L HNO 3 were added to them. The 3 g/L KMnO 4 was added until the solution color becomes red purple and the mixture was stirred with heating until the color disappeared. After cooling, the solution was diluted to 50 mL. The detection limit for As was reported to be 0.1 mg L À1 using HG-AAS. Concentrations of Al, Cu, Fe, Mn, Ni, Pb, Si, and Zn were determined using ICP AES. The Na þ , K þ , NH 4 þ , Ca 2þ , Mg 2þ , fluoride, chloride, nitrate, nitrite, phosphate and sulfate were determined by an ion chromatography using a DIONEX ICS-90. Aqueous data were used for geochemical calculation with MINTEQA2 to expect the saturation index of representative minerals.
Before the column experiment was finished, samples had 
Results and Discussion
The raw data for sorption curves of arsenate onto iron granules and GBFS at 25 C were obtained as shown in Fig. 2(a) and (b). It is obvious that the required time to achieve the sorption equilibrium was much larger in GBFS than iron granules. These data were fit to the Freundlich isotherm model according to the following equation in Fig. 3 with good correlation coefficients in Table 4 :
where Q is the sorbed arsenate per unit amount of sorbents (mmol/kg) at the equilibrium, C is equilibrium concentration of arsenate (mmol/L), and K f and n are constants. 16) The Q can be replaced with Q 0 (mmol/m 2 ) using the specific surface area to provide the K f 0 . For each sorbent, K f ; , K f 0 and n are also summarized in Table 4 . The Q 0 values are greater in more than one order of magnitude in iron granules than in GBFS, while Q values are greater in less than one order of magnitude in the former than in later. It is clear that iron granules are much stronger sorbents than the GBFS, if the surface area is same. Figures 4 and 5 show the changes in pH and As concentrations with time in batch tests. With iron granules, the sorption equilibrium was attained within 10 h with the equilibrium pH 12 independent of the initial pH. With the GBFS at the initial pH 8, the sorption equilibrium was not attained even after 168 h, while with GBFS at the initial pH 2 the equilibrium was achieved around 70 h. Under the condition, the loaded surface area of the GBFS is 345.6 m 2 which corresponds to around five times of iron granules (68 m 2 ). It can be seen that iron granules are more efficient than GBFS because of high Q 0 -values as shown in Fig. 3 . Additionally in the process of sorption of arsenate onto GBFS, any toxic elements were not detected. The results indicate that both materials have a potential as reactive materials in PRB. The SEM images of residues after 168 h were shown in Fig. 6 . Although the original images of both materials are apparently similar, the images of residual materials after sorption of arsenate are quite different. The residue of iron granules after sorption of arsenate has sharp needle like structures on the surface probably due to the formation of iron oxyhydrooxides which co-precipitate with arsenate ( Fig. 6(b) and (c)). On the contrary, there are smaller amounts of new precipitates on the surface of residual GBFS after sorption which does not include iron compounds ( Fig. 6(e ) and (f)). SEM-EDX observation did not provide clear evidence of the distribution of arsenic on both sorbents because of trace amounts. In two column tests, time courses of pH, Eh, alkalinity and temperatures are shown in Fig. 7 . Column 1 showed increase of alkalinity and reduction of Eh greater than column 2 in Fig. 7(b) , (c). Release of HCO 3 À from gravels in both columns and Ca 2þ from GBFS in column 2 was followed by formation of calcite in column 2, giving less increase of alkalinity in column 2. Dissolution of Fe(II) from iron granules significantly decreased E h in column 1. Flow rates were maintained with small fluctuations (30 AE 1 mL/h) during the experimental period, indicating the clogging was negligible. Arsenic species have been well immobilized in column 1 more effectively than in column 2 as shown in Fig. 8 . Arsenic concentrations have been kept under the MCL for arsenic in industrial discharge (100 mg/L) during the experimental period in column 1, but they exceeded the MCL at pv>5 in column 2.
For major ions in column 1 including iron granules, Na þ , K þ , NH 4 þ , F À , NO 3 À and Cl À were initially released, probably caused by flash out mainly from compost leaf, gradually became stable and after pv 5 the concentrations in output are mostly the same as in input (Figs. 9(a)(b)(c) and 10(a)(b)(c)). The Ca 2þ ions released at the mostly constant rate of 6 mg/LÁh during the experimental periods probably from gravels and partly compost leaf, while Mg 2þ ions were completely immobilized as shown in Fig. 9 (e) probably due to adsorption to iron granules and the formation of Mg(OH) 2 in column 1. Increase of sulfate in output is not substantial within the initial pv 5, because water was filled prior to column experiments to find the porosity. Removal of sulfate was not observed as shown in Fig. 10(d) in column 1, since the microbiological reduction of sulfate in anaerobic environments, for example sulfate-reducing bacteria, is interrupted by sterilization of all packed materials as well as the unfavorable chemical reduction of sulfate under the aqueous condition. The performance of major ions in column 2 with GBFS showed several different trends from column 1 bearing iron granules. Initial release of some major ions (Na þ , F À , NO 3 À and Cl À ) was less observed than in column 1 (Figs. 11  and 12 ). The reason is yet unclear. In the case of column 2, release of Ca 2þ ions gradually declined after pv 4, and Mg 2þ ions were initially well immobilized, but gradually went through the column without immobilization probably because the formation of Mg(OH) 2 is unfavorable under lower pHs than in column 1 bearing iron granules. Decline of released Ca 2þ is around 2.5 mmol/L which is mostly consistent with increase of Mg after pv 5. The alkalinity was constant after pv 5 in Fig. 7(c) . Presumably the chemical equilibrium in the formation of Ca-and Mg-carbonates (calcilte, aragonite, dolomite and magnesium carbonate) might have been gradually shifted after pv 5 in column 2.
For heavy metal ions, Fe, Pb, Zn and Mn were well immobilized in both columns mainly because of the formation of metal hydroxides, oxides and carbonate at pH>8.5 and with high alkalinity, and presumably sorption to oxides in Figs. 13 and 14(d)(e)(g)(h). Aluminum was constantly dissolved from only column 1, because of around pH 12 in output solutions ( Figs. 13 and 14(a) ). It is well known that Al is dissolved to form aluminate, Al(OH) 4 À and [Al(OH) 4 H 2 O] À , in strongly alkaline pHs more than 10 and [Al(H 2 O) 6 ] 3þ in strongly acidic pHs less than 4. On the other hand in column 2, Al was immobilized through the experimental periods because of pH 8-9 ( Fig. 14(a) ). Silicate was dissolved from both columns probably from gravels ( Figs. 13 and 14(b) ). Although less than 0.16 mg/L of Ni and several mg/L of Cu were released in both columns in Figs. 13 and 14(c),(f), they are negligible. Vertical profiles of pH, arsenic concentration and heavy metals in aqueous phase at 18.8 pv in columns 1 and at 17.3 in column 2 are shown in Figs. 15, 16 and 17 . The residence times, which are 84 h in column 1 and 90 h in column 2, are enough to attain sorption equilibrium of arsenate to iron granules and GBFS, as shown in Fig. 5(a) . Arsenate concentrations decreased with increase of pH along the transportation of input solution in the columns to reach the equilibrium concentrations around 10 cm from the bottom in still acidic pH region. According to eq (1) the required amount of GBFS to obtain the equilibrium concentration of arsenate ($0:7 mg/L) in Fig. 16 is calculated to be 471 kg, which is much larger than the really loaded amounts (1.716 kg). This indicates that immobilization is not due to the simple adsorption of arsenate onto the GBFS. Bothe et al. 17) have reported that lime addition to arsenic-bearing wastes is beneficial in reducing the mobility of dissolved arsenic, through the formation of low-solubility calcium arsenates such as hydrate Ca 4 (OH) 2 (AsO 4 ) 2 4H 2 O and arsenate apatite Ca 5 (AsO 4 ) 3 OH, and that the morphologies were 0.5-4 mm and 10-30 mm, respectively. In this case, the formation of arsenate apatite is morphologically unlikely. Pascua et al. 18) have also proven that lime addition favors the precipitation of As-bearing phases from spent geothermal brine. The mechanism can be considered as follows:
In column 2, Ca 2þ ions were provided by the leachate from the GBFS leading to increase in pH. Although H þ ions are generated in eqs (2) and (3) and acid mine drainage at pH 2 has been loaded continuously, the overall reactions lead to an increase of pH. Since predominant arsenic species are H 2 AsO 4 À at a pH less than 6.5 and HAsO 4 2À at a pH more than 6.5, there are immobilization routes for arsenic in a wide pH range. In addition to the formation of arsenic-bearing precipitates, these arsenate species are likely co-precipitated with calcium hydroxides and carbonates in high pHs. Geochemical calculations code of MINTEQA2 with the all aqueous components of output solutions have come out as saturated solution of calcite, aragonite, and dolomite. Aluminum is not immobilized in strongly acidic and alkaline pH regions in column 1 as shown in Figs. 15 and 17 . Release of iron is also observed within 15 cm in the bottom of column 1 to contribute co-precipitation with arsenate in column 1. Stabilization of manganese would be caused by mainly sorption onto reactive materials not by precipitation because of acidic pHs. Silicate released from gravels and additionally from slag in case of column 2. SEM images of the residual reactive materials from the P1 fraction in both columns are shown in Fig. 18 . It can be seen that there are macro pores with several ten mm in diameter on the surface of GBFS particles in Fig. 18(d) , different from iron granules ( Fig. 18(a) ). In expanded images of iron granules after it reacted with arsenate ( Fig. 18(b) ,(c)), needle like structures can be observed more significantly than the GBFS, similarly to in Fig. 6 . They are likely to be Fe(III)-precipitates such as ferrihydrite and iron hydroxides, since ferrihydrite, iron hydroxides, goethite, and hematite were supersaturated in column 1 according to a geochemical calculation using MINTEQA2.
Assuming the iron granules-bearing barrier with 1 m of transportation length, the life span of the PRB to treat 1 mg/L of arsenic in groundwater and reduce to less than 0.1 mg/L (MCL for As in industrial discharge) can be calculated as follows. Total mass of arsenic introduced to the column 1 was calculated to be 655.1 mg by surface integral during the experiments for 18.4 pv in Fig. 8(a) . Assuming that arsenic immobilized in column 1 was accumulated in the range of 3.75 and 15 cm from the column base, the removal capacity of arsenic, which is defined as the amount of removed arsenic per unit gram of reactive material, is calculated to be more than 3.36 mg-As/cm 3 -iron granules. Considering a plume with the linear velocity of 20 meter/year and the As concentrations of 1 mg/L, 2 mg of As flows through at each 1 cm 2 every year. Based on the removal capacity of the iron granules, 20 mg of As would be accumulated in 5.94 cm 3 of iron granules for 10 years. Assuming the length of PRB is 1 m, 10 cm 3 (69.8 g, 27.2 m 2 of surface area) of iron granules are included per one cm 2 of cross section, suggesting that the contaminated water will be treated for 16.8 years. The present iron granules are not very highly reactive like zero valence iron (ZVI) supplied from Connelly GPM, 19) which has more than four times of the specific surface area in the present iron granules. According to the results in column 2, the accumulated As was 634.2 mg resulting in 5.97 mg-As/ cm 3 -GBFS of removal capacity. Using the GBFS-bearing PRB with 1 m of length in direction of transportation, it is calculated that the same As contaminated water will be treated for 29.8 years in the same manner. These life spans seem to be competitive in the long time scale. Needless to mention, however, iron granules are preferable to keep lower equilibrium concentrations of As over GBFS (Figs. 2 and 5) , therefore, complete replacement of iron granules with GBFS is not recommended in PRB. It suggests that the GBFS is an alternative choice to replace a part of iron granules in order to save the cost with keeping the efficiency of arsenate removal in PRB, for example, double layers of PRB with the 1st layer bearing the GBFS for rough cleaning followed by the 2nd layer bearing iron granules for cleaning up to overcome the MCL.
Conclusions
Immobilization of arsenate and manganese in acid contaminated groundwater by the granulated blast furnace slag (GBFS) was evaluated using a permeable reactive barrier (PRB) column to compare with iron granules which are commonly used as a reactive material. It was found that 15 mg/L of arsenate were reduced to less than 0.7 mg/L and 15 mg/L of Mn 2þ ions were effectively removed to be less than the detection limit using GBFS during loading input solution with more than 17 pv. When 10(v/v)% of the GBFS was used in PRB with 1 m of thickness, it was estimated that 1 mg/L of arsenate would be treated for around 30 years. The life span is competitive with that of iron granules-PRB in the long time scales, suggesting that the GBFS is an alternative way to replace a part of iron granules in order to save the cost with keeping the efficiency of arsenic removal in PRB, if no release of toxic species from GBFS is guaranteed and removal efficiency of arsenic is evaluated for the GBFS. 
